Forming-free resistive switching behaviors in Cr-embedded Ga 2 Resistive switching behaviors are studied for the rapid thermal annealing (RTA) Ga 2 O 3 thin film embedding a Cr metal layer. By modifying the thickness, area, and RTA temperature of the device, the thermal-induced resistive switching is similar to those induced by the electrical forming process. The conducting filaments composed of oxygen vacancies are created by the Cr diffusion and oxidization during RTA. The related carrier conduction mechanism obeys space charge limited conduction theory accompanied by the formation/rupture of the conducting filaments at the interface between Ti and Cr:Ga 2 O 3 film. This study demonstrates a convenient process to fabricate forming-free resistive switching memory devices. In recent years, gallium oxide (Ga 2 O 3 ) has been extensively investigated for use in luminescent phosphor, hightemperature oxygen sensor, deep-ultraviolet transparent oxide, textured-dielectric coating for solar cells, and onedimensional nanostructure forms for enhanced optical properties. [1] [2] [3] [4] In this study, the Ga 2 O 3 thin film with embedding Cr layer is demonstrated to exhibit resistive switching (RS) properties without electrical forming process, and is suitable for application in next-generation resistance random access memory (RRAM). The RRAM uses two distinguishable resistance states (low resistance state, which is ON state, and high resistance state, which is OFF state) to store digital data in a memory cell, and has the advantages of long data retention, low-power consumption, high-speed operation, high scalability, and simple fabrication procedures compatible with the standard CMOS process. 5, 6 However, a number of crucial issues must be solved, such as large operation parameters variation, 7-9 low device yield, 10 and high forming voltage. 11 A forming process is necessary to activate the resistive memory devices before performing any RS phenomenon. The forming process is a high-voltage stress applied on the pristine device, and the pristine device is subsequently changes from initial high resistance state (initial state) into ON state because of dielectric soft breakdown to generate point defects, such as oxygen vacancies at the anode. [11] [12] [13] [14] [15] The percolation of the oxygen vacancies moves toward the cathode under the high electric field. Consequently, the conducting path composed of oxygen vacancies is finally formed according to the analyzing results of x-ray absorption near-edge spectroscopy (XANES) and x-ray fluorescence (XRF) mapping. 12, 13 The forming process is not only a time consuming process but also requires an extra high-voltage source in the memory circuit design. Removing the forming process can reduce time consumption and simplify the circuit design. Several methods were used to remove or suppress the forming voltage (V forming ) for the metal oxides, such as controlling the stoichiometry of the oxide, 5 reducing the film thickness, 6 and annealing the film at high temperature. 16 The forming process is removed by embedding Cr metal layer in the middle of the Ga 2 O 3 films with a rapid thermal annealing (RTA) in this study. The effects of the embedding Cr layer on the RS properties of the devices, and the related carrier conduction, are investigated to provide insight into the RS mechanism. The diffusion of Cr creates suitable amount of oxygen vacancies within the Ga 2 O 3 films leading to forming-free RS behavior.
II. EXPERIMENTS
Before depositing an 80-nm-thick Pt bottom electrode, a 20-nm-thick Ti adhesion layer was deposited on SiO 2 /Si substrate by electron beam evaporation. Subsequently, three sequential layers of Ga 2 O 3 /Cr/Ga 2 O 3 with the thicknesses of 20/1.5/20 nm were deposited on Pt/Ti/SiO 2 /Si substrates, where the Cr layer was fabricated by electron beam evaporation. The Ga 2 O 3 films were deposited from a ceramic Ga 2 O 3 target at 200
C by a rf magnetron sputter, in which the base pressure of the sputtering chamber was below 2 Â 10 À5 Torr and the working pressure was 10 mTorr maintained by a gas mixture of oxygen and argon at a mixing ratio of 1:2 with a total flow of 18 sccm. Subsequently, the RTA was performed in N 2 ambient for 120 s at 500 (Cr-500), 600 (Cr-600) and 700 C (Cr-700). Consequently, the Ga 2 O 3 -based devices with embedding Cr metal layer (Cr:Ga 2 O 3 ) were completed. A 40 nm thick Ga 2 O 3 film without embedding Cr metal layer was fabricated and RTA annealed at 600 C for 120 s (N-600) as the reference sample. All of the Ga 2 O 3 films with and without embedding Cr metal layer belong to b-phase with a preferred orientation of (400), as shown in Fig. 1(a) , which was confirmed in previous studies. 17, 18 It indicates that the embedding Cr layer has an ignoring influence on the crystal structure of the Ga 2 O 3 films. Finally, the areas of the Ti top electrode were patterned in the range from 25 to 10 000 lm 2 by the conventional photolithography and lift-off technique. Agilent 4155C semiconductor parameter analyzer was used to measure all of the currentÀvoltage (IÀV) curves in ambient atmosphere at room temperature. A two-probe configuration measurement in probe station was used. The bias voltage was applied on the Ti top electrode with the Pt bottom electrode grounded.
III. RESULTS AND DISCUSSION
Figure 1(b) depicts the typical IÀV curves of N-600, the Ti/Cr:Ga 2 O 3 /Pt devices without RTA, and Cr-500. The operations of the bipolar RS cycle after a high-voltage forming process are represented by the arrows. The V forming of N-600 and the Ti/Cr:Ga 2 O 3 /Pt without RTA devices are close, and are higher than that of Cr-500. The initial resistance (R ini ) of N-600 and the Ti/Cr:Ga 2 O 3 /Pt without RTA is also relatively large as compared with those of both ON and OFF states. As RTA temperature is increased, the R ini is lowered as shown in Fig. 1(c) . The R ini of N-600 and Cr-500 are considerably large and inverse to the areas of the device, and the forming process is required to reach ON state. However, an abrupt decrease in order of magnitude of the R ini is demonstrated in Cr-600 and Cr-700. This low R ini is equal to that of ON state and is nearly constant with reduced device area; hence, both devices become forming-free and the localized conducting filaments are expected to be formed after RTA.
The typical IÀV curve and successive RS operations of Cr-600 over 500 cycles are shown in Fig. 1(d) , indicating the excellent RS endurance. Therefore, such a forming-free memory device is implemented by embedding a Cr layer with 600 C RTA. The R ini of Cr-600 decreases with increasing temperature, as shown in the inset of Fig. 1(d) , which is semiconductor-like behavior. It suggests that the conducting filaments within Cr-600 are mainly composed of oxygen vacancies instead of Cr or Ga metals. No RS is observed for Cr-700 with the upper-limited current compliance (100 mA) in the Agilent 4155C. The film thickness effect on the Cr:Ga 2 O 3 is also investigated, and the electrical properties of N-600 and the various thicknesses Ti/Cr:Ga 2 O 3 /Pt devices with 600 C RTA are summarized in Table I . A common forming process is required for N-600 and Cr-600L to trigger the RS in the memory devices; conversely, Cr-600 and Cr-600S are originally in ON state. The Cr-600 exhibits RS property, however, Cr-600S can not be switched back into OFF state, because of the high concentration of oxygen vacancies in the film. Consequently, the suitable concentration of oxygen vacancies has a considerable influence on the Cr:Ga 2 O 3 film, resulting in the forming-free RS behaviors.
The Ga spectra are investigated by x-ray photoelectron spectrometer (XPS) to understand the bonding state of the embedding Cr within the Ga 2 O 3 film. Figures 2(a)-2(d) show the Ga 2p 2/3 spectra in the middle of the bulk layer. In contrast to N-600, the Cr:Ga 2 O 3 films after RTA exhibit a metallic Ga 2p 2/3 peak at 1116.9 eV, indicating that more oxygen vacancies are introduced within Cr:Ga 2 O 3 films. The oxygen vacancies, associated with the formation of the conducting filaments, increase substantially when the RTA temperature is increased based on the intensity of metallic Ga 2p 2/3 peak at 1116.9 eV. In Fig. 2(e) , the position 2 is in the 19 The Gibbs free energy of the Cr 2 O 3 (À1058.1 kJ/mol) is lower than that of the Ga 2 O 3 (À998.3 kJ/mol). 20 Therefore, point defects such as oxygen vacancies and metallic Ga are expected to be easily introduced within Cr-600 film by the Cr diffusion and oxidization. The embedding metal species, and the parameters of RTA, such as temperature and duration, as a result, could control the amount of oxygen vacancies in the Ga 2 O 3 films.
The electrical forming process produces sufficient defects (especially oxygen vacancies) to form the localized conducting filaments to reach ON state. [12] [13] [14] [15] For Cr-600 with forming-free RS behavior, the embedding Cr is expected to diffuse along the easily-diffused paths (such as grain boundaries) in the bulk during RTA and accompanies a suitable amount of oxygen vacancies created according to both results of the inset of Fig. 1(d) and Fig. 2 . In addition, the Cr-600 exhibits the (400) preferred orientation [ Fig. 1(a) ]. The (400) oriented grains would form a columnar grain structure if they have nearly similar grain size. 21 This structure is favorable to provide the conducting filaments along grain boundaries. Moreover, the relation between the R ini and the device area also indicates that the conducting filaments are locally formed along the grain boundaries. Conversely, the R ini and the V forming of Cr-500 are reduced as compared with that without RTA. According to the XPS data [ Figs. 2(b) and 2(c) ], the concentration of oxygen vacancies within Cr-500 is lower than that within Cr-600. The Cr diffusion and oxidization in Cr-500 are considered more moderate at relatively low RTA temperature. The R ini of Cr-500 ($10 9 X) is larger than ON state resistance ($160 X) because it does not have sufficient oxygen vacancies to form the conducting filaments connected to the top and bottom electrodes. Therefore, the insufficient oxygen vacancies created in Cr-500 reduce its V forming as compared with that without RTA. The same phenomenon indicates that the forming process is required to achieve RS behavior of the thicker Cr-600L. However, the R ini of Cr-700 ($60 X) is considerably lower than that of Cr-600 ($180 X). But, the Cr-700 does not exhibit RS behavior, because of the substantial oxygen vacancies created within it. A similar result is obtained for the Cr:Ga 2 O 3 film with thinner thickness, such as Cr-600S with lower R ini of 50 X. Therefore, only the film with a suitable amount of oxygen vacancies and columnar structure can exhibit forming-free RS behaviors.
Based on these results, the thermal-induced localized conducting filaments in the pristine Ti/Cr:Ga 2 O 3 /Pt is similar to those induced by electrical forming process. By controlling the RTA temperature and the Cr:Ga 2 O 3 film thickness in this study, a suitable amount of point defects, such as oxygen vacancies, are created to compose the conducting filaments along the grain boundaries before performing RS cycle.
Recently, the electric faucet model was proposed in the metal-insulator-metal structure and at least one faucet was created at the high-resistance metal/insulator interface to regulate the current flow by switching itself on and off. 22 The oxide film bulk of the device exhibited high conductivity after the forming process, which was in series with the electric faucet at the interface. The considerable oxygen electromigration and the local chemical reaction at the relatively highresistance interface were possible mechanisms for opening and closing of the electric faucet. It would have a similar conduction mechanism in N-600, the Ti/Cr:Ga 2 O 3 /Pt device without RTA, and Cr-600 devices, which demonstrated that the embedding Cr layer within Ga 2 O 3 film with RTA modifies only the R ini of Cr:Ga 2 O 3 film by creating oxygen vacancies and forming the local conducting filaments. The opening and closing of the local faucets (created at the Ti/ Ga 2 O 3 interface) were controlled by the interfacial oxygen migration, causing the formation and rupture of the conducting filaments. 22 The curve fittings are executed for both positive and negative bias regions of the IÀV characteristics in N-600, the Ti/Cr:Ga 2 O 3 /Pt device without RTA, and Cr-600 devices. Their respective double-logarithmic plots are shown in Figs.  3(a) and 3(b) . The conduction mechanism in these three devices is consistent with space charge limit current (SCLC) theory. [23] [24] [25] In the low-voltage positive bias region, Ohmic conduction (slope ¼ 1) is assumed to be caused by the thermal-free carriers exceeding the injected carriers, which is followed by the trap-unfilled SCLC (slope ¼ 2). An abrupt current increase appears for the conducting filaments formation and trapping the injected charges. The second IÀV 2 characteristics reappear in the positive bias region because the trapping centers are occupied by the injected carrier, creating a space charge region near the electrode and leading to an electric field to block further carrier injection (trap-filled SCLC). Finally, ON state is achieved and obeys the Ohmic conduction in the voltage-decreasing scan as shown in Fig.  3(a) . In Fig. 3(b) , the OFF process in the negative bias region, and the similar conduction mechanism, is observed, which obeys the SCLC theory with rupturing the conducting filaments near the interface close to Ti top electrode. 23 The embedding Cr layer within Ga 2 O 3 film with RTA affects only the R ini of Cr:Ga 2 O 3 film by inducing oxygen vacancies. The interface between Ti and Cr:Ga 2 O 3 film determines the switching mechanism. 25 
IV. CONCLUSIONS
The thermal-induced conducting filaments in the Ga 2 O 3 films with Cr metal embedded are demonstrated in this study. With various RTA treatments, the Cr diffuses and is oxidized to some degree to cause the influences on the R ini of Cr:Ga 2 O 3 film. An increase of the concentration and relative distributions of the oxygen vacancies is obtained based on the XPS analyses. The forming-free RS behavior appears because the R ini is equivalent to ON state. The carrier conduction mechanisms of the memory devices are efficiently explained by the trap-related SCLC theory. The embedding Cr layer within the Ga 2 O 3 film with RTA modifies the R ini of the film without influencing the RS mechanism. The interface between Ti and Cr:Ga 2 O 3 film determines the RS mechanism. The proposed method provides an easy way to eliminate the forming process in the memory cell and, thus, the high-voltage source in the memory circuit design.
